Background. At present, reversal of neuromuscular block induced by steroidal neuromuscular blocking agents (NMBAs) is achieved by administration of cholinesterase inhibitors. Chemical encapsulation of steroidal NMBAs, such as rocuronium, by a cyclodextrin is a new concept in neuromuscular block reversal. The present study evaluates the capacity of nine synthetic cyclodextrin derivatives (Org 25288, Org 25289, Org 25467, Org 25168, Org 25169, Org 25555, Org 25166, Org 26142, and Org 25969) to reverse constant neuromuscular block of $90%, induced by rocuronium infusion in the Rhesus monkey, using single twitch stimulation. The ability of these cyclodextrin derivatives to reverse neuromuscular block was compared with the reversal of the same neuromuscular block by the commonly used combination of neostigmine and atropine.
Steroidal neuromuscular blocking drugs, such as rocuronium, are widely used in clinical anaesthesia to facilitate tracheal intubation and to allow surgical access to body cavities. 1 Residual neuromuscular block and subsequent respiratory insufficiency are associated with substantial morbidity and mortality, although the quality of tracheal intubation has significantly improved because of the clinical use of neuromuscular blocking agents (NMBAs), resulting in a reduction of pharyngo-laryngeal lesions. [2] [3] [4] Therefore, many anaesthetists routinely reverse neuromuscular block to facilitate rapid and complete recovery after surgery to prevent residual block. 5 At present, the reversal of neuromuscular block is associated with well known undesirable side effects.
The emphasis for the development of a new reversal agent should focus on agents with minimal side effects and reliable efficacy. One of the so far unexplored possibilities is encapsulation of the NMBAs by other agents. Cyclodextrins, a group of oligosaccharides, are well known for their ability to encapsulate lipophilic guest molecules such as steroids. 6 7 Cyclodextrins have mainly been used as carriers for insoluble drugs or as stabilizers of unstable drugs and are currently used as carriers for transdermal nasal drug administration. 8 Applying cyclodextrin derivatives was therefore considered for the reversal of neuromuscular block by chemical encapsulation of the steroidal rocuronium molecule. This mechanism has been confirmed by calorimetry and X-ray crystallography. 7 The present study was undertaken to evaluate the effect of nine different synthetic cyclodextrin derivatives on constant neuromuscular block of $90%, induced by rocuronium infusion in the anaesthetized Rhesus monkey, using single twitch stimulation. With one exception these compounds are all derivatives of g-cyclodextrin (listed in Table 1 in the order of increasing molecular weight) and were designed to improve the encapsulation of the rocuronium molecule. The capacity of each of these cyclodextrin derivatives to reverse neuromuscular block was compared with reversal of the same neuromuscular block by a combination of neostigmine and atropine.
Methods
In vivo experiments were performed in the experimental laboratories of the Department of Anaesthesiology at the University Medical Centre in Nijmegen, The Netherlands. The experiments were approved by the regional ethics committee on animal experiments.
Thirty-eight experiments were performed on 13 different female Rhesus monkeys (CSIMS, Beijing, China), weighing between 4.2 and 6.5 kg. The number of experiments on the individual animals varied between one and six, averaging three experiments. Experiments on the same animal were separated by at least 6 weeks of rest.
The animals were sedated in the cage with ketamine 10 mg kg À1 (Nimatek Eurovet), administered i.m. In the experimental laboratory two i.v. lines were mounted (one for the anaesthetics including rocuronium, the second line for the test drug), anaesthesia was induced by i.v. injection of pentobarbital sodium (Ceva Sante Animale, 25 mg kg À1 ), the monkey was intubated tracheally and the lungs ventilated with a mixture of oxygen and nitrous oxide at a ratio of 2:3. Anaesthesia was maintained by pentobarbital infusion at a rate of 5-10 mg kg À1 h À1 . Heart rate (HR) and oxygen saturation were determined with a pulse oximeter (Ohmeda, Biox, Finland) at the ear. Blood pressure was determined with a cuff placed around the tail (Ohmeda, Finapres). Body temperature was maintained at 37-38 C. For monitoring purposes the median nerve of the right arm was stimulated supramaximally near the wrist using needle electrodes. Stimulation was performed with single twitch 2 ms square wave pulses (0.1 Hz) delivered by a Grass S88 Stimulator (Grass Medical Instruments, Quincy, MA, USA). The resulting contractions of the thumb were quantified with a force displacement transducer and recorded on a polygraph. After a bolus injection of rocuronium bromide (dose 100 mg kg À1 ), continuous infusion (infusion rate varied between 266 and 615 mg kg À1 h À1 ) was started to steadily reduce the twitch contractions to $10% of their baseline value. After a steady block of $90% had developed for at least 10 min, the infusion was stopped and the animal was allowed to recover from neuromuscular block spontaneously. This procedure was repeated, but at the time the infusion was stopped, either one of the nine different cyclodextrin derivatives or a combination of neostigmine 40 mg kg À1 and atropine 15 mg kg À1 (the effective dose for neostigmine and atropine was determined in separate series of monkey experiments) was given i.v. as a rapid bolus (for doses see Table 2 ). Using the experimental traces twitch recovery times were measured at 25, 50, 75, and 90% recovery, with respect to basal values. Residual block and recurarization were assessed by continuing neuromuscular monitoring for another 60 min after twitch restoration. At the end of the experiment, the animals were allowed to recover from anaesthesia.
Experimental time course is illustrated in the tracing of one particular experiment and presented in Figure 1A . Various periods can be recognized: equilibration (A), constant 90% block (B), spontaneous recovery (C and D), constant 90% block (E), recovery in the presence of test drug (F), and period for the evaluation of any recurarization (G). Evaluation of the effect of the test drug is performed by Reversal of rocuronium neuromuscular block by cyclodextrin derivatives comparison of the two recovery periods within the same experiment (C and F) as depicted in Figure 1B . Cyclodextrin derivatives were excluded from further investigation in the case of lack of potency or if any side effects were observed.
Statistics
To evaluate the effect of a particular cyclodextrin derivative, recovery with the reversal agent was compared with the recovery without reversal agent in the same experimental session. First, the ratios (r)
In statistical procedures P-values <0.05 were considered statistically significant. Measurements concerning the recovery times and calculated ratios are presented as mean (SEM). Relative changes in circulatory variables are presented as mean (SD).
Results
Details of the nine synthetic cyclodextrin derivatives used in this study are presented in Table 1 and Table 2 presents the number of the experiments performed, the dose of the cyclodextrin derivatives and the neostigmine/atropine combination and recovery times. The number of experiments on a single cyclodextrin derivative varied between 1 and 4. Each experiment, however, starts with a spontaneous recovery from 90% block. In Table 2 the average spontaneous recovery times of all these experiments (n=38) are presented. In Figure 2 spontaneous and cyclodextrin-induced recoveries are depicted. It is important to note that the effect of the various test drugs is determined in a paired fashion as described above (see also Fig. 1B) .
All animals in which a cyclodextrin derivative was injected recovered completely with no complications. Recovery after the cyclodextrin derivatives Org 26142 and Org 25969 was faster than after the neostigmine/atropine combination. All the other cyclodextrin derivatives yielded a slower recovery time than that for neostigmine-atropine. With the exception of Org 25288, Org 26142, and Org 25969 only the highest doses are reported in Table 1 . No cyclodextrin derivative was excluded from further investigation because of side effects.
In all experiments with the nine cyclodextrin derivatives, changes in mean arterial pressure (MAP) and HR were <10% of baseline values. This is illustrated in Figure 3 , in which circulation variables are displayed for 1 h after injection of the most efficient reversing cyclodextrin, Org 25969, here at the highest dose, 1 mg kg À1 . The relative changes in HR and MAP are reported in Table 3 . Only the two cyclodextrin derivatives that reverse neuromuscular block better than neostigmine are reported, both at two doses.
In the experiments in which the neostigmine/atropine combination was given, two animals showed signs of abdominal discomfort, but none of the cyclodextrin derivatives produced this effect.
In the experiments in which the neostigmine/atropine combination was used, MAP and HR showed changes that were significantly higher than 10% of the baseline values.
After the use of the cyclodextrin derivatives and the neostigmine/atropine combination, no signs of residual block or recurarization were observed in any of the experiments.
Discussion
Previous work has shown that cyclodextrins are highly water soluble, biologically well tolerated, and are not biologically active. 6 7 They are a group of cylindrical oligosaccharides with a hydrophobic internal cavity and a hydrophilic exterior containing 6 (a), 7 (b), or 8 (g) dextrose molecules. Their molecular weights are 973, 1135, and 1297, respectively; but this increases when side chains are attached (Table 1) . Cyclodextrins have a well-defined lipophilic internal cavity and are able to encapsulate lipophilic guest molecules such as steroids, forming a host-guest inclusion complex also known as chemical encapsulation. 7 The binding of the guest molecule in the host cyclodextrin occurs because of van der Waals forces and hydrophobic and electrostatic interactions. 7 The present study shows that the g-cyclodextrin derivatives, in particular Org 26142 at a dose of 0.59 and 1.18 mg kg À1 and Org 25969 at a dose of 0.5 and 1.0 mg kg À1 , cause rapid and effective reversal of neuromuscular block induced by rocuronium in the anaesthetized Rhesus monkey vs spontaneous recovery. Reversal of rocuronium-induced block by Org 26142 and Org 25969 is also faster, more efficient, and without cardiovascular side effects compared with reversal of the currently used combination of neostigmine and atropine. The other synthetic cyclodextrin derivatives investigated were less effective than Org 26142 and Org 25969 in reversing rocuronium-induced neuromuscular block. Some of these compounds might be able to reverse neuromuscular block at very high doses. Only 1 or 2 experiments were performed with some of the cyclodextrin derivatives used in this study. For Org 25288, only two experiments were carried out with different doses, but even at high dose it showed relatively long recovery times. For several other derivatives only two experiments were performed at one dosage level as they were also clearly inferior to Org 26142 and Org 25969. The recovery with Org 25166 and Org 25288 at a dose of 30 mg kg À1 , as depicted in Figure 2 , appears to be slower than spontaneous recovery. The interindividual variation of spontaneous recovery among the monkeys is the likely reason that these test drugs appear slower than the average spontaneous recovery. Some appear faster in Figure 2 for the same reason, but prove Reversal of rocuronium neuromuscular block by cyclodextrin derivatives to lack effect if evaluated in the paired fashion as depicted in Figure 1B . The level of block of $90%, at which reversal was induced, was chosen because, in clinical practice, reversal of neuromuscular block is considered to be achievable when a single twitch or the first twitch of the train-of-four stimulation has recovered spontaneously to 10% of the control twitch height. 9 There were no observable side effects or significant effects on blood pressure or HR caused by any of the nine synthetic cyclodextrin derivatives (Table 3 ). In contrast, in the experiments with neostigmine/atropine combination, two of the animals showed abdominal discomfort (retching). None of the nine cyclodextrins produced signs of residual block or recurarization. As the main target of this study was to evaluate which compounds showed the strongest reversal effect, no additional effort was performed to detect residual block with other stimulation modes (more powerful for the detection of residual block than single twitch stimulation). In the experiments in which neostigmine/atropine combination was used, MAP and HR increased significantly (more than 10% of the baseline values) in two of the four experiments.
In vitro studies in the isolated mouse hemidiaphragm showed that the potency of the natural a-, b-, and gcyclodextrins to reverse neuromuscular block induced by the steroidal NMBA rocuronium correlates with their cavity sizes, resulting in a clear measurable effect for g-cyclodextrins. 7 The best fit as far as cavity size is concerned can be improved by adding side chains to the molecule. The electric charge distribution in these side chains interacting with the charges in the guest molecule, results in even greater mutual affinity. This encapsulation of rocuronium by the cyclodextrin derivative Org 25969 was confirmed in the X-ray crystal structure of the complex. 7 It is assumed that the reversal effect is because of reduction of the concentration of rocuronium in the solution around the hemidiaphragm preparation and subsequently in the biophase at the motor endplate. 6 7 Synthetic derivatives of, in particular, g-cyclodextrin, could theoretically improve the complex formation of the cyclodextrin derivative and rocuronium. It is expected that in vivo this complex formation will promote liberation of acetylcholine receptors, and activity will reappear. As cyclodextrins have no direct or indirect actions on cholinergic transmission, it is unlikely that during reversal muscarinic side effects will occur. 6 7 In support of this suggestion, no signs of muscarinic side effects were observed after cyclodextrin treatment in this study. Cyclodextrin-rocuronium complexes are highly hydrophilic and it has been demonstrated that Org 25969 is excreted fast and dose-dependently in the urine of anaesthetized guinea pigs. 10 We conclude that chemical encapsulation of rocuronium represents a new concept for reversal of the effects of NMBAs. 11 As a result of our findings, Org 25969 is the synthetic cyclodextrin derivative that has been chosen for further investigation of this concept.
